Dc~purtmc~nr c!/'Pc.diutric:~, Dullro~r.sic~ UnivcJr.sit~: /luli/u.\-, Novu Scoria. Chnudu ABSTRACI'. The fetus and newborn are particularly susceptible to Listeria monocytogenes infection. We used a newborn rat animal model to investigate neonatal host defense against Listeria. In this animal model, newborn (3-d-old) rats are more susceptible to L. monocytogenes than older animals. Juvenile (23-d-old) L. monocytogenesinfected rats pretreated with lipopolysaccharide (LPS) had a lower bacterial load in blood than control animals, whereas LPS pretreated newborn rats had a higher bacterial load. Because LPS is a potent inducer of tumor necrosis factor (TNF) and TNF enhances host defense against this organism in adult animals, we assessed TNF content in splenic homogenates for animals of different ages. The age at which TNF was detectable in L. monocytogenes-Infected rats corresponded to the age at which LPS became active in preventing severe bacteremia. TNF was less than 1 unit/ mL in splenic homogenates taken from rats less than 8 d of age, whereas 16-d-old rats infected with L. monocytogenes 1 d earlier had greater than 80 units/mL ( p e 0.0001 for 3-d-old versus 16-d-old rats). We also assessed the responsiveness of rats to exogenous TNF-a. Juvenile rats pretreated with TNF-a before L. monocytogenes infection had decreased bacterial load in spleen ( p e 0.02 versus controls) and better survival at 7 d ( p e 0.05 versus controls), whereas newborn rats did not improve with TNFa pretreatment ( p > 0.05 treated versus controls for splenic bacterial load and 7-d survival). However, when newborn rats were pretreated with both interferon-y (IFN-y) and TNF-a, splenic bacterial content was decreased compared to animals pretreated with PBS, IFN-y, or TNF-a alone ( p < 0.005 combination versus TNF-a, IFN-y, or PBS).
ABSTRACI'. The fetus and newborn are particularly susceptible to Listeria monocytogenes infection. We used a newborn rat animal model to investigate neonatal host defense against Listeria. In this animal model, newborn (3-d-old) rats are more susceptible to L. monocytogenes than older animals. Juvenile (23-d-old) L. monocytogenesinfected rats pretreated with lipopolysaccharide (LPS) had a lower bacterial load in blood than control animals, whereas LPS pretreated newborn rats had a higher bacterial load. Because LPS is a potent inducer of tumor necrosis factor (TNF) and TNF enhances host defense against this organism in adult animals, we assessed TNF content in splenic homogenates for animals of different ages. The age at which TNF was detectable in L. monocytogenes-Infected rats corresponded to the age at which LPS became active in preventing severe bacteremia. TNF was less than 1 unit/ mL in splenic homogenates taken from rats less than 8 d of age, whereas 16-d-old rats infected with L. monocytogenes 1 d earlier had greater than 80 units/mL ( p e 0.0001 for 3-d-old versus 16-d-old rats). We also assessed the responsiveness of rats to exogenous TNF-a. Juvenile rats pretreated with TNF-a before L. monocytogenes infection had decreased bacterial load in spleen ( p e 0.02 versus controls) and better survival at 7 d ( p e 0.05 versus controls), whereas newborn rats did not improve with TNFa pretreatment ( p > 0.05 treated versus controls for splenic bacterial load and 7-d survival). However, when newborn rats were pretreated with both interferon-y (IFN-y) and TNF-a, splenic bacterial content was decreased compared to animals pretreated with PBS, IFN-y, or TNF-a alone ( p < 0.005 combination versus TNF-a, IFN-y, or PBS).
Similarly, survival also was improved for newborn rats pretreated with both IFN-y and TNF-a compared to controls pretreated with either of these agents alone ( p < 0.02 combination versus control, p > 0.05 TNF-a or IFN-y versus controls). We conclude that TNF production is decreased among newborn rats challenged with L. monocytogenes compared to TNF production in older animals. TNF-a does not enhance resistance of newborn rats to L. monocytogenes unless they are pretreated with IFN-y as well. ( Listeria monocytogenes infections in the fetus and newborn continue to be a major cause of morbidity and mortality (1). For the newborn infant, factors that predispose to infection with this organism are poorly understood. For adults, however, the processes leading to elimination of intracellular pathogens have been studied extensively and are clear: IFN and cytokines appear to play a key role. IFN-7 enhances adult host defense against many intracellular bacterial pathogens including L. monocytogenes (2) (3) (4) . Recent investigations have also established that TNF-a plays a prominent role in defense of adult animals against L. monocytogenes infection (5) (6) (7) (8) . It now appears that IFN-y and TNFa act by independent mechanisms to enhance host resistance against primary and secondary L. monocytogenes infection (9) . Other cytokines such as colony stimulating factors also contribute to defense against Listeria (10) . Although IFN-7 can protect neonatal mice and rats from subsequent challenge with a lethal dose of L. monocytogenes ( I 1, 12) . the role that TNF-a may play in newborn host defense mechanisms is not known.
Products secreted by host cells are not alone in their ability to increase resistance to infection. Bacterial products such as LPS also increase resistance to L. monocytogenes in adult mice if injected 24 h before a lethal challenge (13) . LPS has the same effect in adult rats (1 1). However, pretreatment of 3-d-old rats with LPS does not increase resistance (1 1). Because LPS is a potent stimulant for the production of TNF-a, this latter observation suggests that newborn rats may lack the contribution of its critical role.
Because TNF-a appears to play an essential role in host defense against L. monocytogenes in adult animals and its role in newborn infection is unknown, we undertook a series of experiments to examine the endogenous production of TNF-a and the host's response to exogenous TNF-a by newborn animals.
MATERIALS AND METHODS
Bacteria. L. monocytogenes serotype 4b (strain 15U) was isolated originally from the blood of a I-d-old newborn infant with neonatal listeriosis ( 14, 15) . Vials of bacteria were maintained in suspension at -20°C in 20% glycerol. The day before use, bacteria were inoculated into brain heart infusion broth (Difco Laboratories, Detroit, MI) and incubated overnight at 37'C. The bacteria were washed, then suspended in PBS. Bacterial concentration was estimated spectrophotometrically and the number of viable CFU was verified using pour plate technique.
Reagents. Recombinant murine TNF-a was supplied by Genentech Inc. (San Francisco, CA). It was more than 99% pure .60 46 1 (as determined by SDS-PAGE analysis) and contained 4 . 0 ng endotoxin/mg protein as tested by the limulus amebocyte lysate assay. Stock TNF-a was diluted to the desired concentration with PBS containing 0.1 % BSA.
rR-IFN-y, kindly provided by H. Schellekens (TNO, Netherlands), is the product of transfection with a plasmid carrying the chromosomal rat IFN-y gene as described elsewhere (16) . The rR-IFN-y was purified to >98% purity by immunoafinity chromatography using MAb bound to sepharose. LPS (Escherichia coli 055:B5) was obtained from Difco Laboratories and diluted to the desired concentration with PBS.
Animals. Timed pregnant Sprague-Dawley rats (Canadian Hybrid Farms, Hall's Harbour, Canada) were obtained at approximately d 15 of gestation. Pregnant animals were housed under standardized conditions and allowed food and water ad libitum. The time of parturition was recorded and the litter was left undisturbed until the time of study. To minimize the risk of cross-contamination, litters were studied at one time only. At a preselected age, animals were injected with the test products or PBS-BSA as placebo. The desired concentration of TNF-a or rR-IFN-y was prepared in 0.1 mL of PBS-BSA for i.p. injection, either 1 d before or on the same day as the i.p. bacterial inoculation. Within each litter, animals were randomized to receive either PBS-BSA plus bacteria or cytokine(s) plus bacteria. To minimize interlitter variability, no more than three animals in each litter received the same treatment regimen.
For experiments that required estimation of splenic CFU, rats were injected i.p. with the LDzO of L. monocytogenes (17) The LDzo was determined separately for each experimental protocol. For 3-d-old rats and 164-old rats, the LDZ0 was approximately lo4.' and lo6.' CFU, respectively (the L D~o varied depending on the protocol). Animals were killed 3 d after bacterial injection by C02 inhalation. Spleens were dissected aseptically, weighed, and homogenized in PBS. Pour plates were prepared using serial dilutions from the splenic homogenates. To minimize the effect of variation in animal and splenic size for animals at different ages, bacterial content was expressed as CFU/ 100 mg of spleen. Pour plates of tissue were made using brain heart infusion agar containing 1.5 pg/mL of cefuroxime to suppress any contaminating bacteria. This concentration of antibiotic did not affect L. monocytogenes viability (minimum growth inhibitory concentration was >25 pg/mL).
For animal survival and TNF production experiments, the inoculum was increased to approximately the 90% lethal dose appropriate for the protocol and the animal age studied. To assess TNF production, animals were killed 1 d after i.p. injection with L. monocytogenes. The spleen was then dissected aseptically, weighed, and homogenized with 2.5 mL of PBS. The homogenate was sedimented at 800 x g for 10 min, and the supernatant collected, filtered through a 0.22-pm filter (Millex-GS, Millipore, Bedford, MA) to remove bacteria, and then stored at -70°C until testing.
TNF assay. Bioactivity of TNF was determined using an L929 cell cytotoxicity assay (18) . Briefly, TNF was tested by the ability of dilutions of the supernatants from splenic homogenates to kill actinomycin D-treated L929 murine fibroblasts. L929 cells were seeded at 5 x 104/well into 96-well flat bottom microtiter plates in 100 pL RPMI/640 containing penicillin (100 U/mL) and streptomycin (100 pg/mL). After 12 h incubation, duplicates of serially diluted supernatants from splenic homogenates were added to the wells together with actinomycin D at a final concentration of 1.0 pglmL. Recombinant TNF-a standards were used in each plate to quantitate TNF activity. The cells were incubated for an additional 18 to 24 h. The plates were extensively washed with warm PBS to remove dead cells, and viable adherent cells were subsequently fixed with 30% ethanol. The plates were allowed to dry and were finally stained with crystal violet (0.5% in 20% ethanol) for 10 min. After washing off the dye, stained cells were solubilized with 1 % SDS. The degree of cytotoxicity was determined spectrophotometrically (540 nm) using a computerized microplate reader (Bioteck Corporation, Winooski, VT).
Results of TNF content in spleen were expressed as units of TNF per mL of splenic homogenate supernatant. 
RESULTS
We have demonstrated previously that newborn 3-d-old rats respond differently than older rats to LPS pretreatment in L. monocytogenes infection; 304-old rats are protected, whereas 3-d-old rats are not (1 I). In other experiments, the age at which LPS altered susceptibility to L. monocytogenes appeared to develop was between 7 and 14 d (Bortolussi R, unpublished data). Therefore, we wished to see if the newborn's susceptibility to L. monocytogenes may be related to TNF production during infection. For 16-d-old rats, TNF content in splenic homogenate supernatants was directly related to the number of viable organisms injected and to splenic bacterial load at the time the animals were killed (Table 1) . For this age group, the subset of rats with high bacterial content in spleen (over lo4 CFU/100 mg tissue) had elevated levels of TNF in supernatant fluid (128 + 1 18 U/mL, n = 20) compared to animals with the lower bacterial content (29 45 U/mL, n = 7; p C 0.05). In contrast, 34-old rats had less than 1 U/mL TNF detectable in splenic homogenates at similar bacterial inocula and at high and low splenic bacterial loads. The difference in TNF activity between these two age groups was highly significant ( p C 0.0001). TNF content in splenic homogenates was significantly greater for 164-old rats compared to 1 1-or 3-d-old rats over several inoculum concentrations (Fig. 1) . To be sure the TNF deficiency at 3 d of age was not merely due to a delay in its production, we also assessed animals 2 or 3 d after bacterial challenge. In these experiments, TNF concentration in splenic homogenates was less than 1.0 (data not shown).
To determine more accurately the age at which TNF content in spleen increases, rats of various ages were inoculated i.p. with the same L. monocytogenes concentration. TNF content in splenic homogenate supernatants increased at approximately 10 d of age (Fig. 2) .
Although TNF production appears to be "turned on" after 8 d of age, the responsiveness of animals to exogenous TNF-a at different ages is unknown. Accordingly, a series of experiments was carried out using rats pretreated with TNF-a. Animals were injected i.p. with 1 to 100 pg/kg TNF-a either 24 h or I h before injection with Listeria. For 3-d-old rats, there was no significant change in splenic bacterial load at any of the TNF-a concentrations tested. Higher concentrations of TNF-a were toxic to the animals. For 16-d-old rats, splenic bacterial load was modestly decreased among animals injected with 100 pglkg TNF-a 1 h before bacterial challenge (geometric mean log 3.88 CFU/100 mg for TNF-treated animals versus log 4.33 CFU/100 mg for Log CFU Inoculated PBS controls, p < 0.05, Mann-Whitney test); other concentrations of TNF-a were not protective.
Animal survival was assessed using rats pretreated with TNF-(U that were then given a lethal inoculum of L. monocytogenes (Fig. 3) . In these experiments, animal survival to 7 d was improved among 16-d-old rats pretreated 1 d earlier with 100 pg/ kg TNF-a ( p < 0.05). Survival at 7 d was not significantly improved for 3-d-old rats at any concentration of TNF-a; however, survival was better at d 6 ( p < 0.05) for animals injected with 100 pg/kg TNF-a. Animals at both ages pretreated with TNF on the same day as bacterial challenge were not protected from the lethal effects of this organism (data not shown).
TNF and rR-IFN-y in combination. In previous experiments, we have shown that rR-IFN-y pretreatment of 3-d-old rats dramatically improved survival and splenic content of bacteria among L. monocytogenes-inoculated animals (1 1). Because rR-IFN-y treatment may alter TNF-(U production (9, 19, 20) and cellular response to TNF-a (20-24), we camed out a series of experiments using rR-IFN-y at a concentration that we predicted would be, by itself, suboptimal for animal protection. Splenic content of TNF in bacteria-challenged 3-d-old rats was not increased for rR-IFN-y-pretreated animals ( Table 2 ). In addition, TNF content was not increased among animals given three injections of rR-IFN-y before bacterial challenge.
When 3-d-old rats were pretreated with what we predicted would be a suboptimal dose of rR-IFN-y (10' U/kg) I d before or TNF-a (0.3 &kg) 1 h before bacterial challenge, there was minimal difference in splenic bacterial content compared to controls (Fig. 4) . However, newborn rats pretreated with both rR-IFN-y and TNF-a had decreased splenic bacterial content ( p < 0.005) compared to controls injected with rR-IFN-y, TNF-a alone, or PBS. For 16-d-old rats, this combination was not superior to rR-IFN-y alone. Survival of both 3-d-old and 16-dold rats pretreated with both rR-IFN-y and TNF-a was greater than animals treated with TNF-a alone or PBS ( p < 0.02 combination versus TNF-a or PBS for 3-d-old rats, p < 0.05 combination versus TNF-(Y or PBS for 16-d-old rats) (Fig. 5) .
DISCUSSION
IFN-y is induced during L. monocytogenes infection among adult rats and is thought to make the animals resistant to the organism by activating their monocytes and macrophages (2, 3, 25) . Previous studies in our laboratory have demonstrated that susceptibility of newborn rats to L. monocytogenes is dramatically decreased when 3-d-old rats are pretreated with rR-IFN-y (1 1). Because newborn animals are particularly susceptible to systemic Listeria infection, this observation suggests that the production of IFN-y may not be increased among newborns. It does, however, indicate that intact receptors for IFN-y are present.
In the present study, we have examined the possibility that production of TNF-a or response to TNF-(Y by newborn animals may be defective and contribute to the animal's susceptibility to L. monocytogenes. When 3-d-old rats are injected with LPS 24 h before their challenge with L. monocytogenes, there is no improvement in animal survival (I I) even though adult rats do have increased survival. We therefore examined in more detail the ontogeny of LPS-induced protection. Because LPS is a potent inducer of TNF-a production and L. monocytogenes produces LPS-like toxins (26, 27), we next assessed the production of TNF-a by animals at different ages during L. monocytogenes infection. Reports on the ability of newborn animals to produce TNF-a provide conflicting information. Some have found TNF-(Y is decreased (28, 29) , whereas others have found it to be normal (30) (31) (32) . The dynamics of its production have not been studied in newborn animals with infection. Among animals over 10 d of age in our study, TNF-a content in spleen was directly related to the concentration of bacteria in this organ as well as the bacterial inoculum (Fig. 1) . However, among animals less than 10 d of age, TNF-a was not detected in splenic homogenates over a range of bacterial inocula and splenic content ( Table 1) .
The recent observation that TNF-a, IFN-y, and IL-1 may act synergistically prompted us to assess the effects of combining TNF-(U and IFN-y (9, 19, 20, 22, (33) (34) (35) . In addition, a defect in neonatal polymorphonuclear leukocyte activation and movement is corrected with IFN-a in vitro (36) . In our experiments, however, we could demonstrate no increase in TNF-a content in spleens among 3-d-old rats pretreated with IFN-y ( Table 2) . Because the dose and schedule of IFN-y used in these animals was previously shown to be protective against L. monocytogenes, we conclude that IFN-y acts by a mechanism independent of TNF-a production in its protective activity. Similarly, Nakane et al. (9) , using adult mice, concluded that endogenous IFN-y and TNF-a acted by independent mechanisms to increase host resistance against primary and secondary L. monocytogenes infection.
'
Although TNF-a production may be depressed in newborn rats, such animals may still respond to exogenous TNF-a. We therefore assessed the bacterial content in the spleen of animals injected with TNF-a either 24 L. monocytogenes. In this experiment, the bacterial load in the spleen was only moderately affected by prior TNF-a treatment among 164-old animals. In a separate experiment using animals injected with a lethal inoculum of L. monocytogenes, survival was significantly improved among 16-d-old rats pretreated with 100 pg/kg of TNF-a I d before bacterial challenge (Fig. 3) . Survival was not significantly improved among 164-old rats pretreated with other concentrations of TNF-a nor among 3-dold rats pretreated with a range of concentrations of TNF-a.
We also conducted experiments to assess the protective value for animals treated with a combination of IFN-y and TNF-a. The concentrations of TNF-a and IFN-y used in these experiments were both predicted to have minimal effect on bacterial content in spleen and on survival for the animals. In this experiment, bacterial content in the spleen was lowest for 3-d-old rats pretreated with a combination of IFN-7 followed by TNF-a before bacterial challenge (Fig. 4) . For 164-old rats, no additive effect was found when TNF-a was combined with IFN-y. Finally, survival of animals challenged with a lethal inoculum of L. monocytogenes was significantly improved only for newborn and 164-old animals that were pretreated with a combination of IFN-7 and TNF-a (Fig. 5) .
On the basis of these observations, we conclude that TNF is decreased among newborn rats challenged with L. monocytogenes. TNF was detectable only among animals over 8 d of age. The age at which TNF was measurable corresponds to the approximate age at which LPS becomes active in preventing L. monocytogenes infection (1 1 ) . The studies also suggest that 3-dold rats do not resist L. monocytogenes after treatment with exogenous TNF-a. However, pretreatment of 164-old rats with exogenous TNF-a before challenge with L. monocytogenes results in improved survival and a lower bacterial load in the spleen. In spite of this, 3-d-old rats did develop toxicity to higher concentrations of TNF-a, suggesting that its toxic effects may not be age limited. Finally, the observations suggest that IFN-7 may permit newborn rats to respond to exogenous TNF-a or to TNF-a in concert with other cytokines such as IFN-a, IL-I, and colony stimulating factors, which are reportedly produced endogenously during L. monocytogenes infection. The experiments have not identified the regulatory mechanisms for TNF-a production in very young animals. Further studies along this line may provide insight into the regulation of TNF-a in vivo.
